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Abstract:
Capillary upflow from and deep percolation to a water table may be important in crop water supply in irrigated areas of the
lower Yellow River flood plain, north China. These fluxes at the water table and the variations of the capillary upflow in
relation to crop evapotranspiration need to be investigated to quantify the effect of a water table on soil water balance and
to improve agricultural water management. A large weighing lysimeter was used to determine daily crop evapotranspiration,
daily capillary upflow from and daily percolation to a fluctuating water table during a rotation period with wheat growing in a
dry season and maize in a rainy season. The water table depth varied in the range 0Ð7–2Ð3 m during the maize growth period
and 1Ð6–2Ð4 m during the wheat growth period. Experimental results showed that the capillary upflow and the percolation
were significant components of the soil water balance. Three distinctly different phases for the water fluxes at the water
table were observed through the rotation period: water downward period, the period of no or small water fluxes, and water
upward period. It implied that the temporal pattern of these water fluxes at the water table was intimately associated with the
temporal distribution of rainfall through the rotation period. An empirical equation was determined to estimate the capillary
upflow in relation to wheat evapotranspiration and root zone soil water content for local irrigation scheduling. Coupled with
the FAO-Penman–Monteith equation, the equation offers a fast and low cost solution to assess the effect of capillary upflow
from a water table on wheat water use. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION
Water scarcity has become an increasingly acute prob-
lem that threatens the sustainable development of irri-
gated agriculture in arid and semi-arid regions of the
world. Substantial land areas in these regions are affected
by shallow groundwater (Hutmacher et al., 1996). One
important approach to alleviate the water stress is
to improve agricultural water management. Improved
understanding of agro-hydrological processes lays a foun-
dation for quantification of positive and negative impacts
needed to realize the real-time management of agricul-
tural water. In particular, vertical water fluxes at or near
a water table need to be quantified, because they can be
significant in crop water supply and soil salinization.
In the presence of a shallow water table, the water flow
upward from the groundwater to the root zone can play
an important role in meeting the water requirements of
crops under favourable conditions. Doorenbos and Pruitt
(1977) indicated that upward flow rates from the water
table were in the range of 2 to 6 mm d1 for water table
depths from 2 to 4 m below the root zone. Zhang (1989)
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studied wheat, maize, and soybean in lysimeters and
concluded that under favourable conditions water tables
contributed to 50–70% of water use by rain-fed crops.
Zhang et al. (1999) reported that the ratio of the upward
flux to lucerne evapotranspiration varied between 25 and
65% for a non-saline water table at 60–100 cm below
the soil surface. Sepaskhah et al. (2003) estimated water
table contributions to corn and sorghum water use with
an empirical equation, and concluded that a significant
proportion of corn and sorghum water use can be supplied
by a 1Ð3–1Ð7 deep water table, and by lowering the water
table depth, the water table contribution for corn may be
reduced 22% more than that for sorghum. These results
suggest that surface irrigation may be reduced when a
shallow water table is present (Kruse et al., 1986).
Despite the above mentioned advantages, long-time
capillary upflow may result in soil salinization in the
irrigated areas with shallow water tables, if significant
salt exists in the groundwater and soil (Silberstein et al.,
1999; Salama et al., 1999; Valenza et al., 2000; Jorenush
and Sepaskhah, 2003). Fortunately, natural infiltration of
excess rainfall in rainy seasons can leach some accumu-
lated salt into the subsoil and the shallow groundwater.
In other words, percolation to the water tables helps to
remove the soluble salts accumulated in the surface soil
caused by capillary upflow and soil evaporation.
Copyright  2007 John Wiley & Sons, Ltd.
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The water upward from and the water downward to
a water table are difficult parameters to measure in the
field (Raes and Deproost, 2003). An effective direct
approach is to make use of lysimeters to determine
these and other components of the water budget (Ayars
et al., 1996; Zhang et al., 1999; Meissner et al., 2000).
There is, however, one major drawback in quantifying
the water balance with most present lysimeters: their soil
columns are not deep enough to permit study of root
development, soil water extraction, interactions between
soil water and groundwater, and fluctuations of a water
table simultaneously. A complete understanding of soil
water fluxes in the presence of a shallow water table
requires a large weighing lysimeter in the field.
The general objective of this study is to investigate
vertical water fluxes at a fluctuating water table and
the variations of capillary upflow in relation to crop
evapotranspiration and soil water content in the root
zone using a large weighing lysimeter located in an
irrigated area of the lower Yellow River flood plain in
north China. In the area, as local farmers usually irrigate
their fields with water diverted from the Yellow River
through artificial channels, a shallow groundwater table
is prevailing in the fields. Because of little knowledge
about these water fluxes, most management practices
to date are inclined to neglect them in these areas.
The specific objectives are (1) to quantify the soil water
balance in the region from the soil surface to the water
table and identify the temporal variations of capillary
upflow from and percolation to the water table during
a rotation period; and (2) to determine relationships of
wheat evapotranspiration and capillary upflow from the
water table for local irrigation scheduling.
DEFINITIONS
To understand and quantify the soil water balance above
a fluctuating water table, different water fluxes in a
one-dimensional vertical soil-plant-atmosphere contin-
uum (SPAC) are presented in Figure 1. The water balance
of the unsaturated zone is expressed as:
P C I C Cg D DP C Rs C ET C S 1
where S is the net water storage (mm), P is precipitation
(mm), I is irrigation (mm), Rs is net surface run-off (mm),
and ET is evapotranspiration (mm). Cg is the capillary
upflow from the water table. The capillary upflow is
the volume of water leaving the water table because of
soil evaporation and crop transpiration. Similarly, DP is
defined as the deep percolation to the water table. Cg and
DP cannot occur at the same time.
METHODS AND MATERIALS
Lysimeter facilities
A large weighing lysimeter was designed and installed
in the field for studying the soil-water balance in the pres-
ence of a fluctuating water table. Detailed description of
Figure 1. Schematization of water fluxes in soil-plant-atmosphere contin-
uum (SPAC) (Black parts represent water, arrows represent directions of
the water fluxes)
the lysimeter is found in Yang et al. (2000a). The lysime-
ter is a cylinder 2 m in diameter, 5-m deep, containing
a disturbed soil. The soil was excavated from the field
near the lysimeter in 10 cm increments, backfilled in the
same sequence and settled using water. The soil is a light
loam with a soil bulk density of 1Ð27–1Ð41 mg m3. A
mechanical weighing system was designed so as to mea-
sure daily changes in mass accurately. In brief, the main
features of the lysimeter include the following: (1) mass
resolution equivalent to 0Ð016 mm (50 g) of water to
accurately and simultaneously determine daily net water
storage (S), from which evapotranspiration (ET ) can
be calculated through the soil water balance; (2) a sur-
face area of 3Ð14 m2 and a soil profile depth of 5Ð0 m to
permit normal plant development, soil water extraction,
and fluctuations of the water table; (3) a special supply-
drainage system to simulate field water table conditions
of the groundwater within the lysimeter.
The measurement principle for the lysimeter is shown
in Figure 2. Net water storage (S) of the soil mass can
be expressed as
S D P C I C Q  Rs  ET 2
Q is automatic groundwater flow through the supply-
drainage system. If the water table is fixed, water added to
the soil column from the Mariotte bottle in the lysimeter
is capillary upflow (Cg), whereas the outflow from the
soil column to the water tank is the percolation to the
water table (DP ). Therefore,
Q D Cg  DP 3
Experimental site
The study was conducted at Yucheng Comprehen-
sive Experimental Station located in Yucheng, Shandong
province, China (latitude 36°570N, longitude 116°360E).
Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 717–724 (2007)
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Figure 2. Schematic diagram of measurement principle for the lysimeter
The area is part of the lower Yellow River flood plain
with an average slope of 1/7000–1/10 000 towards the
northeast, and in a sub-humid zone with an average
annual rainfall of 515Ð1 mm from 1951 through 1998.
About 72Ð1% of the annual rainfall occurs during the
rainy season from June to September. Mean annual air
temperature is 13Ð1 °C approximately and annual pan
evaporation amounts to 927 mm on an average. Local
farmers usually follow a traditional flood irrigation appli-
cation method to irrigate their croplands with water trans-
ferred from the Yellow River through canals, resulting
in a shallow groundwater table in the field. Measure-
ment data from the experimental station indicates that
groundwater table varied from 0Ð2 m (August 9, 1990)
to 4Ð2 m (May 31, 1985) below the soil surface. The soil
is medium textured and mainly consists of silty sand and
light loam.
Field experiments
Field experiments were conducted during a rotation
period with maize growing from June 8 to September
22, 1998 and wheat from October 8, 1998 to June 7,
1999. Maize and wheat were seeded on the lysimeter
and surrounding field on June 8 and October 8, 1998,
respectively. The maize and wheat were planted in rows.
The lysimeter accommodated 1500 wheat or 21 maize
plants approximately. There was an observation well in
the field adjacent to the lysimeter facility. The depths
of the water table in the field were measured everyday
except in winter (October 1, 1998 to April 10, 1999),
during which the depths of the water table were measured
every 5 days. The lysimeter was used to measure ET,
Cg, and DP with water table variations of 0Ð7–2Ð3 m
during the maize growth period and 1Ð6–2Ð4 m during
the wheat growth period. Daily ET, Cg, and DP were
measured during the rotation period except in winter.
In winter, 5-day ET, Cg, and DP were measured. Since
the water table in the field is affected by many factors
such as rainfall, irrigation, root water uptake, and soil
evaporation, it fluctuates frequently and sharply in rainy
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Figure 3. Water table depths below the soil surface in the lysimeter and
in the surrounding field
seasons. To simulate the actual state of groundwater in
the surrounding field within the lysimeter is not simple
and requires a good prediction of the water table in the
field. We kept the water table within the lysimeter at
approximately the same level as that in the surrounding
field by adding or removing water to the soil column.
The fluctuations of the water table in the lysimeter were
similar to those in the field, and followed the general
trend of the field (Figure 3). Soil water contents were
measured with a field-calibrated neutron probe at a 5-day
interval, and in 10 cm increments from 10 to 200 cm
or 240-cm deep into the soil profile (we noticed that
the neutron probe underestimated 0–20 cm deep soil
water contents). Apart from the regular measurements,
soil water contents were also measured the day before
and after each irrigation. A 260-cm long tube for the
neutron probe was installed to the soil profile in the
lysimeter. In the lysimeter, tensiometers were installed
at soil depths of 10, 20, 30, 40, 50, 70, 90, 120, and
150 cm from the surface to measure soil matric potential
on a daily or almost daily basis except in winter. Like the
local farmers, we treated the field with conventional flood
irrigation method. Irrigation was applied to the lysimeter
and the surrounding field simultaneously. Meteorological
data (e.g. daily rainfall) were measured in an automatic
weather station in the experimental station, which was
about 400 m far from the lysimeter facility. Crop growth
stages were monitored during the rotation period.
RESULTS
Water balance
Tables I and II list the water budgets measured by
the lysimeter for the maize growth period and the wheat
growth period. Note that there was no surface run-off for
the lysimeter, as in the case of local croplands generally,
except during very heavy rains.
The maize growth period lasted 107 days from its sow-
ing date to harvest. Outgoing water fluxes for the soil
column in the lysimeter mainly included evapotranspira-
tion and percolation to the water table, while its incoming
water fluxes included rainfall, irrigation, and a fraction of
capillary upflow from the water table. During the period,
the cumulative precipitation was 376Ð2 mm, with 87Ð7%
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Table I. Water balance measured by the lysimeter during the growth period for maize (June 8–September 22, 1998)
Growth stages Days P
(mm)
I
(mm)
Cg
(mm)
DP
(mm)
S
(mm)
ET
(mm)
Average daily
ET (mm d1)
Sowing–seedling 6 1Ð1 71Ð5 0Ð36 0Ð00 57Ð9 15Ð1 2Ð5
Seedling–Jointing 35 115Ð8 0Ð0 0Ð20 12Ð94 17Ð7 120Ð8 3Ð5
Booting–tasseling 22 131Ð5 0Ð0 0Ð02 14Ð72 45Ð9 70Ð9 3Ð2
Flowering–silking 20 96Ð5 0Ð0 0Ð00 16Ð96 15Ð3 64Ð2 3Ð2
Milky ripening–Harvest 24 31Ð3 0Ð0 12Ð65 5Ð74 37Ð5 75Ð7 3Ð2
Total growth period 107 376Ð2 71Ð5 13Ð23 50Ð36 63Ð9 346Ð7 3Ð2
Table II. Water balance measured by the lysimeter during the growth period for wheat (October 8, 1998–June 7, 1999)
Growth stages Days P
(mm)
I
(mm)
Cg
(mm)
DP
(mm)
S
(mm)
ET
(mm)
Average daily
ET (mm d1)
Cg/ET
(%)
Before wintering 54 8Ð6 13Ð1 2Ð02 0Ð00 16Ð2 39Ð9 0Ð7 5Ð1
Wintering 79 16Ð4 0Ð0 10Ð59 0Ð00 22Ð1 49Ð1 0Ð6 21Ð6
Regreening–tillering 39 19Ð4 59Ð1 14Ð84 0Ð00 28Ð8 64Ð5 1Ð7 23Ð0
Jointing–heading 32 17Ð1 76Ð1 30Ð72 0Ð00 6Ð6 130Ð5 4Ð1 23Ð5
Flowering–milk-filling 32 53Ð8 127Ð2 17Ð44 5Ð51 35Ð9 157Ð0 4Ð9 11Ð1
Milky ripening–harvest 6 0Ð0 0Ð00 0Ð01 0Ð04 15Ð6 15Ð7 2Ð6 0Ð0
Total growth period 242 115Ð3 275Ð5 75Ð62 5Ð55 4Ð2 456Ð7 1Ð9 16Ð6
occurring in July and August. The maize evapotranspi-
ration totaled 346Ð6 mm with average ET rates of more
than 3Ð1 mm d1 throughout its growth period except the
sowing to seedling stage. Despite 29Ð6 mm more rainfall
than evapotranspiration, irrigation was needed to support
normal development of the maize during its early growth
period. With much rainfall infiltrating into the soil, the
percolation appeared in 61 days at the water table and
groundwater got recharged, resulting in a rise of the water
table in the field (Figure 3). It is obvious that whenever
there is rain or irrigation, there is infiltration followed by
a downward soil water movement. The cumulative per-
colation to the water table amounted to 50Ð4 mm and the
maximal DP rate reached 2Ð9 mm d1.
The wheat growth period lasted 242 days from its
sowing date to harvest. During this period, the dominant
component of the outflows of the soil in the lysimeter was
evapotranspiration, which totaled 456Ð7 mm, whereas
another component, percolation to the water table, was
only 5Ð6 mm, occurring at the flowering to milk-filling
stage after irrigation. There were three water sources
to contribute to the wheat evapotranspiration: natural
rainfall, capillary upflow from the water table, and
irrigation. The cumulative precipitation was 115Ð3 mm,
accounting for 24Ð7% of the total incoming water of the
soil. It can be concluded that during the dry seasons,
natural rainfall cannot meet the water requirements of
winter wheat. The capillary upflow from the water
table added up to 75Ð61 mm, accounting for 16Ð2% of
the incoming water. Although it was not necessarily
completely used by wheat, it alleviated the water stress
on wheat growth during the dry season. The quantity of
P plus Cg accounted for only 41Ð8% of the total water
use by wheat. So the lysimeter was irrigated, as was the
surrounding field. The cumulative irrigation amounted to
275Ð5 mm, becoming the main water supply for wheat
growth. The water budgets at different growth stages are
presented in Table II.
Temporal pattern of capillary upflow and percolation
One of the main objectives of this study was to quantify
water fluxes at a water table. Figure 4 presents tempo-
ral variations of the cumulative Cg and DP during the
rotation period from June 1998 to June 1999. The rota-
tion period covered nearly a complete year. During this
period, the cumulative Cg and DP amounted to 89Ð6 and
55Ð9 mm, respectively. The capillary upflow from the
water table occurred mainly from the regreening stage to
the milk-filling stage for wheat growth. Rainfall during
this period was only 90Ð30 mm. The percolation to the
water table occurred mainly from the seedling stage to the
silking stage for maize growth, with 343Ð8 mm rainfall
in the period. This implies that the temporal pattern of
these water fluxes at the water table was intimately asso-
ciated with the temporal distribution of rainfall through
the rotation period.
From Figure 4, three distinctly different phases for the
water fluxes at the water table can be observed throughout
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Figure 4. Cumulative Cg and DP, and precipitation and irrigation events
throughout the growth periods of maize and wheat. Phase 1: water
downward period; Phase 2: the period of no or weak water fluxes; Phase
3: water upward period
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the rotation period. Phase 1 was identified as the water
downward period, corresponding to the seedling stage
through the ripening stage of maize, with 76Ð5% of the
rainfall during the rotation period falling in the 4-month
Phase 1. The redistribution of water in the unsaturated
zone is governed by the gradient in soil moisture potential
(Ahmad et al., 2002). Figure 5 presents several soil water
content and soil water potential profiles after a rainfall.
These data indicate that after the rainfall, the soil water
flux was downward. With infiltration stopping and maize
evapotranspiring, the gradient reversed and the direction
of the water fluxes in the upper soil changed to an upward
orientation towards the evaporating surface, while the
soil water in the subsoil moved downward continually.
The process is typical for the soil in Phase 1. When the
downward water reached the water table, the shallow
groundwater got recharged, resulting in the water table
rising in the field. Phase 2 was the period of no or small
water fluxes at the water table, covering the early growth
stages of wheat before the regreening stage. Because
of low ET rates and impeded wheat growth in winter,
soil water movement in the unsaturated zone was rather
limited. Only a fraction of groundwater ascended into
the upper soil throughout the period. Phase 3 was the
water upward period, lasting from the regreening stage to
wheat harvest. Except during rainfall and irrigation, the
soil water flux was upward in the unsaturated zone. High
water requirements of wheat caused a slow decline in soil
water content during inter-rain periods. As the soil water
potential in the upper soil declined, more groundwater
moved upward from the water table to the root zone
through the capillary zone, driven by the greater gradient
of soil moisture potential (Figure 6). The capillary upflow
supplied part of the water for wheat growth.
From Figures 5 and 6, we can conclude whether water
moved upward from or downward to the water table, the
soil moisture content and the soil water potential in the
soil profile below the depth of 0Ð5 m changed slightly.
This suggests that the shallow groundwater had a great
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profiles in 3 days during the wheat growth period (The depth
of the water table was 1Ð60 m, where height D 0; Soil water
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effect on the vertical distribution of soil water content
and soil water potential.
DISCUSSION
Relations between evapotranspiration and capillary
upflow
Equation (1) can be modified as
ET D P C I C Cg  DP  Rs  S 4
During dry wheat growth periods, some components at
the right-hand side of Equation (2) were zero except for
short intervals when rainfall or irrigation occurred. That
is to say, there are no P, I, DP, and Rs during long inter-
rain intervals, as in the case of wheat growth period at
the experimental site. During these periods, Equation (4)
can be simplified as
ET D Cg  S 5
Equation (5) indicates that during the long inter-rain
periods, crop water use comes directly from two sources:
capillary upflow from a water table and soil water storage
in the root zone. This analysis can be confirmed by
variations of Cg and S shown in Figure 7. It is observed
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Figure 7. Variations of ET, Cg, and S from April 11 to May 13, 1999
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that the proportions of daily Cg to daily ET were different
for this time.
Capillary upflow from a water table, as a percentage
of total water use by a crop, can be affected by the
water table depth, soil hydraulic properties, crop root-
ing patterns and salinity tolerances, the quality of the
groundwater, and the irrigation regimes imposed (Kruse
et al., 1993). For a given soil type, the capillary upflow
decreases as the water table depth increases. When the
water table declines to a depth below which upward
movement of water from the water table ceases, daily
crop evapotranspiration will be sourced entirely from the
water storage in the unsaturated zone (Beverly et al.,
1999). We use Dd (m) to represent this threshold of
water table depth. Conversely, the capillary upflow rate
increases with the water table rising above the depth, Dd.
When the water table rises to a depth above which soil
Cg D


ET D  Ds
ET Ð
(
1  D  DsDd  Ds
)k sin S  Sr
Ss  Sr Ð

2  Ds < D < Dd
0 D ½ Dd
7
water content remains constant and soil is in a steady
evaporation state, daily crop evapotranspiration will be
sourced entirely from the capillary upflow from the water
table. We use Ds (m) to represent this threshold of water
table depth. Dd and Ds for a water table are parame-
ters dependent on soil properties such as soil texture, soil
structure, and those properties related to crops such as
crop kinds and growth stages. After many years’ research,
Liu and Wang (1999) concluded that the value of Dd was
approximately 4 m for vegetated soils in the Huabei plain
of north China. Zhang (1984) reported that the values of
Cg D


KcET0 D  Ds
KcET0 Ð
(
1  D  DsDd  Ds
)k sin S  SrSs  Sr Ð2  Ds < D < Dd
0 D ½ Dd
8
Dd for vegetated medium loam ranged 3Ð2–3Ð5 m and Dd
for light loam reached 5Ð0 m.
Because the water movement in the unsaturated zone
is governed by the gradient in soil moisture potential,
the capillary upflow rate is partly dependent on the
distribution of soil water potential in the root zone, or
the saturated degree of the soil in the root zone. When
the soil is becoming dryer owing to soil evaporation
and crop transpiration, the amount of the available water
for the crop evapotranspiration demand decreases in the
root zone and more water moves upward into the root
zone from the subsoil and the capillary zone. We use the
following equation to express the saturated degree of the
soil in the root zone:
S  Sr
Ss  Sr D
n∑
iD1
i  rili
n∑
iD1
si  rili
6
where S is water storage, Sr is residual water storage,
Ss is saturated water storage, i, ri, si are the average
volumetric soil water content, the residual volumetric soil
water content, and the saturated soil water content of the
ith layer in the root zone respectively, li is the thickness
of the ith layer, and n is the number of soil layers in the
root zone. The definitions of s and r are found in van
Genuchten 1980.
On the basis of the aforesaid analysis and Beverly et al.
(1999), the relationship of daily Cg and daily ET can be
expressed as
where D is the water table depth from the soil sur-
face, k is an exponential parameter. The basic form of
D, S–Cg/ET surface is shown in Figure 8.
Using the empirical Equation (5), we can estimate
the capillary upflow from a water table if the field
data of crop evapotranspiration and soil water content
are available and vice versa. For areas lacking field
measurement data of crop evapotranspiration (ETc), the
FAO-Penman–Monteith method can be used to estimate
ETc (Allen et al., 1998). Coupled with Equation (5), the
FAO-Penman–Monteith equation, Cg may be estimated
by
where Kc is crop coefficient and ET0 is reference
evapotranspiration.
Parameter estimation
In Equation (5), there are five parameters: Ds, Dd, Ss,
Sr, and k. The empirical factor k is related to soil and
crop properties. There is much published information on
Ss and Sr for different soil types (e.g. van Genuchten
et al., 1999) and the two parameters may be measured
easily. The parameters Ds and Dd have specific physical
meanings and may be measured through field experi-
ments, at least in principle. But these field experiments
are generally quite time-consuming and costly owing to
the need to meet the conditions of different water tables
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Figure 8. Basic form of D, S–Cg/ET surface
and to draw statistically sound conclusions. An alter-
native and more flexible approach to determine these
parameters is to employ parameter estimation techniques.
When Ds < D < Dd, Equation (7) can be modified as
Cg/ET D
(
1  D  Ds
Dd  Ds
)k sin S  Sr
Ss  Sr Ð

2 
9
For a given (Dd, Ds, k), the difference of calculated
(Cg/ET) by Equation (9) and measured Cg/ETŁ is
fDd, Ds, k D Cg/ET  Cg/ETŁ
D
(
1  D  Ds
Dd  Ds
)k sin S  Sr
Ss  Sr Ð

2   Cg/ETŁ10
So the parameter estimation problem can be translated
into an ordinary least-square problem:
min fDd, Ds, k D
n∑
iD1


(
1  D  Ds
Dd  Ds
)k sin S  SrSs  Sr Ð2   Cg/ETŁ


2
11
s.t.


k > 0
Ds > 0
Dd > 0
Dd  Ds > 0
12
This least-square problem can be solved by the
Davidon–Fletcher–Powell (DFP) method.
Using this parameter estimation technique, we deter-
mined Ds, Dd and k in Equation (11) for different wheat
growth stages (Table III). s and r were determined by
Yang et al. (2000b), and listed in Table III. Figure 9
shows measured Cg/ET and calculated Cg/ET for mea-
sured values of soil water content at the jointing to head-
ing stage for wheat growth. It is concluded from Figure 9
that the differences between the measured Cg/ET and
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Figure 9. Measured Cg/ET and calculated Cg/ET for measured values
of soil water content at the jointing to heading stage for wheat growth
(April 11–29, 1999)
Table III. Parameters in Equation (5) determined by DFP method
Growth stage Jointing–heading Flowering–ripening
s 0Ð41 0Ð41
r 0Ð17 0Ð17
Ds 1Ð01 1Ð30
Dd 4Ð16 4Ð00
k 9Ð95 17Ð21
calculated Cg/ET are quite great for some measured val-
ues of soil water content. These errors may be attributed
to several reasons. The first reason is that the capillary
upflow we measured was the volume of water leaving the
water table, and it did not necessarily convey moisture
to the root zone and was not necessarily used completely
by wheat. Second, the capillary upflow may be, to some
extent, dependant upon the previous wetting and drying
history of the soil in the root zone owing to hysteresis in
soil water retention function. Besides, the neutron probe
does not necessarily make consistent measurements of
soil water content all the time. Despite these errors, the
Equation (7) provides a preliminary estimation of a water
table contribution to wheat water requirements for agri-
cultural water management.
Prediction of wheat water requirement and capillary
upflow
We used the FAO-Penman–Monteith method and the
empirical Equation (8) to predict the wheat water require-
ments, and possible capillary upflow from a water table at
the experimental site. The results are listed in Table IV.
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Table IV. Wheat water requirements and capillary upflow from a water table predicted at the experiment site
Growth stage Before wintering Wintering Regreening–tillering Jointing–heading Flowering–ripening
Time (month) 10–11 12–2 3 4 5–6
ET0 mm d1 1Ð39 0Ð72 2Ð20 3Ð84 5Ð31
Kc 0Ð79 0Ð55 0Ð89 1Ð11 1Ð10
ETc mm d1 1Ð10 0Ð40 1Ð96 4Ð26 5Ð84
 in root zone — — — 0Ð6s (0Ð246) 0Ð6s (0Ð246)
D (m) — — — 1Ð60 1Ð70
Cg mm d1 — — — 1Ð59 2Ð47
CONCLUSIONS
Studies on water fluxes at a fluctuating water table were
conducted in a large weighing lysimeter during a rota-
tion period at the Yucheng comprehensive experimental
station, north China. Experimental results showed that
capillary upflow from and percolation to a water table
were significant components of soil water balance and
should be taken into consideration for irrigation schedul-
ing. Data analysis of the capillary upflow and the per-
colation implies that the temporal pattern of these water
fluxes at the water table was intimately associated with
the temporal distribution of rainfall through the rotation
period. The empirical equation in this paper coupled with
the FAO-Penman–Monteith equation offers a fast and
low cost solution to assess the effect of capillary upflow
from a water table on wheat water use. Prediction results
made by the equation suggest that it would be useful for
real-time irrigation practices.
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